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EXPERIMENTAL DETERMINATION OF INIITAL VIBRATIONAL AND ROTATIONAL ENERGY
DISTRIBUTIONS FROM THE REACTION OF ATOMIC DFUTERIUM WITH MOLECULAR FLUDRINE

As mentioned in a previous report (MOSR-79-0067) o qreat deal of
effort has been put in by various groups, using bhuth cxperinental and
theoretical techniques, in attempts to understand the dynamics of the
simple atom-molecule reactions. In particulor the reactions 1, 2 and 4
have been very extensively studied and broad general agreement has been
attained between different groups of workers. Reaction 3 has, however,

proved to be much more problematical.

H + F2 - HF + F (1)
F o+ H? ~  HF + H (2)
Do EZ SV (3)
Fos 02 - DF+D (4)

At the time when this work was initiated the only study of the
initial vibrational energy distribution in deuterium fluoride wos une we
had made using the measured relaxation infrared chemiluminescence method

(1). Although not completely unambiguous, that study strongly suggested

that the most populated vibrational level of deuterium fluoride was v' - 10,
It also determined relative primary rate constants for formation of deuterium
fluoride in vibrational levels v' = 2 to v' - 12. The results indicater that
62 per cent of the available energy initially entered vibration.

There has often been some conflict between experimental reqults obtsined
by the measured retaxation infrared chemiluminescence method and those ohtained
by the lower pressure arrested relaxation method. This was one ot the reasuns
that a study by the latter method was proposed. Additicnally, the measured

relaxation method gives no indication of the initial rotational enerqy




distribution, which is a valuable additional quality so far as chemical

laser applications are concerned.

Experimental

The apparatus used for arrested relaxation studies is vhuwn in
Figure 1. The design of the reaction cell is critically important. In
view of the desirability of operating at the winimum possible nressure
TLmist possess an etticient tight collecting systam, conlotn an offective
mean of arresting the product state relaxation processces, and provide optimum
pumping conditions., Tt is in the last respect that the present design di‘fers
most significantly from those of other workers. Pumping of the cell i1
effected by means of an Edwards 24 inch F2404 oil diffusion pump bacted by an
1SC 3000 Edwards rotary pump. The unthrottied throughput for hydrogen i
16~ 1200 dm3 at a pressure of 10_4 torr. Perhaps most important, the optire
bottom area of the reaction cell is exposed to the vacuum pump via a Vigui«
nitrogen cooled chevron baffle. The remaining sides and top of the reaution
cell are covered by an "inverted trough” of copper plate cooled by continunus
passage of liquid nitrogen through copper coils silver soldered to its ouier
surface. The light collection system is a standard Velsh cell consicting of
four semi-circular gold plated mirrors of 150 mm diameter, radius of curvature
530 nm, independently mounted in pairs and capable of individual adjustment
from outside the cell.

In order to attempt to improve the efficiency of trapping of vibretionglily
excited molecule at the cold walls, considerable time was spent in redeigning

these so that an approximately i" layer of cooled molecular sieve was otlorhed
to the inside ot the trough.  This was achieved by holding the molecular - ieve
in place with a high transmission gauze. As before the whole ascembly wae
cooled with Tiquid nitrogen,  The relatively poar conductivity of the molecular

sieve necessitated that the Tayer was kepl as thin as pousible,  The efficicncy

ot the new cryogenic pumping system was tnvestigated uning the well-Fnown




reactions of atowmic fluorine with methane and cthane. Both these alkanes
are difficult to punp cryvgenically and 1t was demonstrated successtully
that there was a significant improvement with the new system.

Deuterium (Al Products Ltd, 99.999 por cent), fluorine (.40, Ltd.
98.0 per cent) and argyon (B.0.C. Ltd. 99.999 per cent) were used without
further purification. Oeuterium atoms were produced by a 100 W, 7450 Mz
microwave discharge in deuterium.  Fluorine dtoms were produced by a

similar discharge technique using carbon tetrafluoride as the precuraor .

Due to the extreme toxicity and corrosive nature of {lunrine, o nunber
of modificatinns to the usual gas inlet and outlet systenis were neceasitated,
The molecular fluorine was introduced to the fluorine glass Vine through
i inch copper pipe. This line had previously been evacuated thoroughly to
minimize adsorbed water. The flow rate was controlled by a stainles, o teel
needle valve and measured using a calibrated capillary flow meter fi1led with
a full fluorinated oil. Voltalef 90 grease was used on all glase < topourr.
and glass to metal connections were made with teflon tubing. bFxceor flaorine
was discharged into a trap containing a mixture of potassium hvdroride pellets |
and glass beads. The beads prevented trap blockage due to the formaticn of a
501id crust of potassium fluoride.

The fundamental emission from DF spany a region (3.456 .m to 4.60 o)
in which the sensitivity of a conventional lead sulphide detector is low.
it was therefore nccessary to record the DF spectra in the first overtone
vegion (1.75% .m to 2.96 .m) which lies near the peak of the detector's
response.,

The intrared spectrum of DF does not lend itself to simple analyaae
in the same way as hydrogen tluoride. The larger reduced mass and conwequent 7

smaller vibrational and rvotational spacings result in many nesr coine idenser,

of vibration-rotation tines within overlapped bands. Conscquently a computer
cimulation technique is essential in order to analyse the spectra. In order

to caleculate the vitmation-rotation line positions with sufficient accuracy




it was found necessary to use a Dunham expression with 16 coefficients,
This expression used the Dunham coefficients for HE () corrected for OF

by means of the isotope relations {3).

2y, (Y)

. . . . . . . . . Pl
The trial vibrational and rotational population distributions /N

to the simulation program were converted to intensities by
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where IvJ is the intensity and b 15 the frequency of transition
from a state {v'J') to state (v,J). AVV i the Pinstein coefficient gl

is the frequency of the pure vibrational transition (v*' - vi. . -
the line strength and FVJV J is the rotation-vibration interaction factor,

calculated using the full expression of Herman et al. {4). The Linctein

coefficients used were those of Sileo and Cool {5).

As stated above, the emission intensity (IVJV J ) of any particular
vibration-rotation line may be related to the population (NV J oot that

state by expression (6). In previous work an approximate expressiun was
used to calculate the rotational contribution to the transition probability.
To improve the accuracy of this study, a program was developed to calculate

the contribution using the full expression of reference 4.

Results and Analysis

Analysis of the DF spectra would be further complicated by any non-
Boltzmann nature of the rotational distributions to be found within any
particular vibrational level. Under the previous grant a considerable effort

was put into developing computer programs capahle of simulating the experimental
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distributions,

Initial experiments were carried out without the cryogenic molecuiar
sieve being installed. Under these conditions it was necessary to use
relatively high flow rates of the reactant gases in order to obtain
detectable emission. The spectra obtained cleasrly showed that litile
rotationally excited H was formed. Furthermore although the 0 woe
vibrationally excited the degree of excitation was Tower than Lhat iy
by the measured relaxation method. The data were analysed by comparice g
with computer-simulated spectra and the results are shown on igure 7.
These results are counsistent with the idea that the recidence time in the
reaction chamber was too long. Under such conditions the number of colliovon,
would be sufficient to randomize the rotalional energy distribution andg ol
lead to vibrational relaxation through collisional and rotational procesces .

The later experiments were all carried out using the ceoled moleoule
sieve liner as an additional pumping aid. Cevtainly this had appreciatie
advantages so far as allowing additional throughput of reactants as wie

demonstrated for poorly pumped gases such as those present in the atomic

fluorine/methane reaction. When the D + FZ reaction was repeeted under tne.e
new conditions it was observed that significantly faster pumping specds wore
indeed achieved. The resulting intrared spectra were analysed and the ceonlte
for the vibrational energy distribution in the product hydrogen fluuride are
shown in Figure 2. It can be seen from this Figure that a higher degree of
vibrational excitation was achieved. However, the maximum population

occurred in the v' = 9 vibrational level compared with the measured reiasation
result which showed the maximum population to be in v' = 10, This i% auair
indicative of partial vibrational relaxation which was borne out by the it
that the computer simulation comparison showed these to bhe very little
rotationally excited product. Many further experiments were carried out using
different reactant tlowrates and ditferent inlet geometries. However, in

all cases, basically the same results were obtained and the conclusion v

: —d




reluctantly drawn that even with the additional aid of «ryaqgenic pumping,
the residence time of the product hydrogen fluoride within the reosction
chamber was such that some rotational decay and collisional relaration too)
place.

Recently a study of this reaction by a different oxperimental cetied

nas been published (€). This made use of a so-called chemiluminescence
mapping method. Results are presented tor both the reaction of atomic {luurine
with deuterium and atomic deuteriun with molecular fluorine. However, wheres,
the tormer results are in satisfactory agrecment with previcusly oubliobes dats,
the latter are drastically at variance and <how a maximum population in the

v' o= 11 level of DF as can be seen trom Figuie 2. Taken in icolation thege
results would appear to be very much more realistic even though the igra)-to-
noise ratio in the published spectrum 1s not good. ihey would <eem Lo boear

oul the thesis that the residence time under the normal chemi bamine oo methed
conditions, is too long. However, there are several disturbing aunceote wnich
need clarification. No data by the chemiluminescence mapping method have heer
obtained for the H/F2 reaction for which there was excellent agreamnent {or the
vibrational energy distribution in the product HF by the meacsured and crrentos

relaxation techniques, obtained independently in different laboraturics /7.7,

i

In the work on the H/F2 system we and cthers (7,8) demonstrated that it wa«
nossible to produce a modified LEPS potential energy surface which could be

used in conjunction with classical trajectory calculations to give a satisfactory!
reproduction of the experimental vibrational enerqgy distribution. later work
showed that this surface could be used to provide a reasonable approcimstion

to the distribution found in the D/F2 reaction (V). This iy to be experted

since any isotope effects would be small. However, it is clear that the sucface
does not provide a good representation ot the distribution found by lardy et al,

(6). One is, therefore, torced to the conclusion that unless one accepte o

nighly improbable isotope effect, the experimental rewults achieved by the

chemiluminescence mapping method results are not compatible with the accoepled




results for H/F2 obtained by two different methods, Obvigualy tri- e,
not negate the chemiluminescence mapping data and may ca<t dout.t, un i
for H/F2 although similar experimental results were obtained in differint
laboratories. The discrepancy is highlighted by the fact that «henmilumine -
scence mapping suggested that 78 of the available energy was precent o
vibrationally excited product whereas the results for H/FZ Were opnrosimiately 1
20 less. It would be of great interest to sce results on the jatter rreac i
by the chemiluminescence mapping method. Until such work 1., carried cur,
many questions must remain unanswered.

Although in this work we failed to observe the initial energy
distribution from the u/t., reaction, it is possible to predict thio by
making an approximate energy match with the results from H/?? Ly Polany’
et al. (8). Une is theretore making the perhaps unredconable aoumptiog tnet
the vibrational energy distribution for H° is correct. Thewe renult oo
shown in Figwre 3 together with our present results obtained uoing the zeoiice
cryogenic pumping system. It may be seen from this Figure that the poiat
made earlier concerning a "Boltzmannized" distribution of rotaticnal ecnergy
in the DF corresponding to a temperature somewhat less than 300 ¥ is Lorne
out. In tne “energy match™ results it is necessary to ignore the peak at
low rotational quantum numbers in cach spectrum since this s due U4 partisl

collisional relaxation. The initial rotatio encrgy distribution for

DF peaks in J' - 8 for v' = 11 and gradually moves to - J' - 12 tor v’
Trajectory calculations using the potential energy surface describod ear e

(1) can be used to make a prediction of the initial rotational cnergy
distribution. These results are presented in Figure 4 where i1 can bi- ecen
that the agreement is good. Similar aureement was found for the H/F2 Cese,

Une should not, however, interpret this as an argument against the chemibuming-
scence mapping results for the vibrational distribution. It is probable tnhat
potential energy surfaces giving a strong vibrational enerqy population

inversion would have the same broad ('iaracteristics. However, it is likely




that the initial rotaetioncd enerqy dictribution touna by Polaay: ¢

is correct for o Vo aince thve disteitation would Lo reldatvedy

o vibrational »adiatyve decay, Hence altboagh the "eneargy mate Y onraoe e
might well give an anoormrec ! nicture of vibrationad dicposal for et 0F

Ttois protably 4 vogconable approsicetion to the initial rotaticngl creony

distribution.,
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FIGURE_CAPTIONS

Diagram of the reaction chamber

Vibrational distributions for the [ 4 f? reaction

Measured relaxation experiment {cef

Arrested relaxation resulty (without <icye,

Ly

Arrested relaxation results (with ieve,

Chemiluminescence mapping result., (ref

Rotational Distribution for the D + F2 reaction
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Energy match with H + Fo resulte [ref &)

Arrested relaxation results {with - icye,

Trajectory rotational energy distributions for the 1 + i

reaction
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